Introduction {#S0001}
============

Gastric cancer (GC) is one of the most common malignant diseases and the second cause of cancer mortality worldwide.[@CIT0001],[@CIT0002] Despite the multiple advances in clinical and experimental cancer treatment, the survival rate of gastric cancer patients remains poor. Numerous studies have shown that the progression of GC might be a multi-step process, involving the interaction between oncogenes and tumour suppressor genes[@CIT0003],[@CIT0004]; however, the precise molecular mechanisms underlying its tumorigenesis and progression remain largely unknown. Consequently, a better understanding of molecular mechanisms and signalling pathways is indispensable for identification of therapeutic targets for GC treatment.

ATPase family AAA domain-containing protein 2 (ATAD2) is a remarkably conserved protein that is expressed predominantly in germ cells and located primarily in the cell nucleus. It has been identified as a candidate driver gene located within the amplified 8q24 locus, and its protein structure contains 2 AAA domains and 1 bromodomain. The structure suggests that the functions of ATAD2 are related to genome regulation, such as by acting on chromatin structure and function.[@CIT0005] ATAD2 is systematically overexpressed in a wide variety of tumours, and this overexpression was correlated with poor prognosis, such as breast, ovarian, endometrial and lung cancer, hepatocellular carcinoma and large B-cell lymphoma.[@CIT0006]--[@CIT0012] ATAD2 can function as a cofactor with some transcription factors such as c-Myc and E2F to regulate a specific set of genes that have oncogenic functions. Through c-MYC and E2F transcription factors, ATAD2 increases the expression of proliferation-related and anti-apoptotic genes in many different types of cancer.[@CIT0007],[@CIT0013],[@CIT0014] However, there have been no studies concerning the gene functions related to ATAD2 in GC.

In the present study, the mRNA and protein expression levels of ATAD2 were examined in GC tissue samples and we further analysed the clinical significance of ATAD2 in a cohort of GC patients. Furthermore, we investigated the potential role of ATAD2 in the GC cell proliferation, apoptosis, and tumour growth by exploring its function in vitro and in vivo, which may provide a novel therapeutic target for the treatment of GC patients.

Materials and Methods {#S0002}
=====================

Cell Lines and Cell Culture {#S0002-S2001}
---------------------------

GC cell lines SGC-7901 and MGC-803 were obtained from the American Type Culture Collection (ATCC; Manassas, VA, USA). The cell lines were maintained in Dulbecco's modified Eagle's medium (DMEM) medium supplemented with 10% heat-inactivated foetal bovine serum (FBS; Biological Industries, Israel). All cell lines were cultured in a humidified incubator at 37°C and 5% CO~2~.

Plasmid Construction and Cell Transfection {#S0002-S2002}
------------------------------------------

Lentivirus plasmid expressing ATAD2 shRNA vector (pLV-ATAD2 shRNA) and control vector (pLV-control) were obtained from Shanghai GenePharma Corporation (Shanghai, China). Brieﬂy, chemically synthesized oligonucleotides encoding ATAD2 shRNA sequence were subcloned into the BamHI and EcoRI sites of a lentiviral expression vector PGLV3/H1/GFP+ puro (GenePharm Co., Ltd) and verified using DNA sequencing. Virus particles were harvested 48 hrs after co-transfection of the pLV-ATAD2 shRNA or pLV-control with lentivirus packing vector into HEK-293T cells. SGC-7901 and MGC-803 cells were transduced with lentivirus-containing medium. All transfection experiments were performed using Lipofectamine 2000 (Invitrogen, Camarillo, CA, USA) according to the manufacturer's protocol. The transfection efficiency was monitored by fluorescence microscopy and cells transfected with pLV-ATAD2 shRNA or pLV-control were selected with puromycin (Sigma Aldrich, St Louis, MO, USA) at a concentration of 2 µg/mL for 1 week. The sequence of ATAD2 shRNA was 5ʹ-GGTTGTAGCTCCTCCAAAT-3ʹ, while the negative control was 5ʹ-GTTCTCC GAACGTGTCACGT-3ʹ.

Patients and Tissue Specimens {#S0002-S2003}
-----------------------------

A total of 121 pairs of paraffin-embedded human gastric adenocarcinoma tissues and their corresponding adjacent non-tumourous specimens were collected between 2011 and 2012 from the Department of Pathology at the Affiliated Hospital of Qingdao University. Another 12 pairs of fresh GC tissues and their corresponding adjacent non-tumourous specimens were collected from patients at the time of surgical resection and stored at −80°C for qRT-PCR and Western blot analysis. None of the patients had received radiotherapy or chemotherapy before surgery. In addition, 78 chronic superficial gastritis, 43 chronic atrophic gastritis, 16 low-grade intraepithelial neoplasia and 13 high-grade intraepithelial neoplasia paraffin-embedded specimens were also collected from patients who received the treatment of endoscopic submucosal dissection (ESD). Tumour differentiation was assessed according to the World Health Organisation (WHO) classification criteria. All patients were staged using the seventh edition of the Union for International Cancer Control (UICC) Tumour-Node-Metastasis (TNM) staging system. The use of human tissues was approved by the Ethics Committee of the Affiliated Hospital of Qingdao University. All patients provided written informed consent and the study was conducted in accordance with the Declaration of Helsinki.

RNA Preparation and qRT-PCR {#S0002-S2004}
---------------------------

Total RNA was extracted from 12 pairs of GC and corresponding adjacent non-tumourous tissues using Trizol reagent (Dalian, Takara), and cDNA was synthesised by Prime ScriptTM (Dalian, Takara) according to the manufacturer's protocol. SYBR green-based qRT-PCR was performed to measure the expression levels of ATAD2 on the Bio-Rad CFX96 real-time PCR system, β-actin was used as internal controls. The sequences of the PCR primers used for amplification were as follows: ATAD2 forward, GGAATCCCAAACCACTGGACA; ATAD2 reverse, GGTAGCGTCGTCGTAAAGCACA; β-actin forward, CGCAAAGACCTGTATGCCAA; β-actin reverse, CACACAGAGTACTTGCGCTC. The reactions were incubated in a 96-well plate at 95°C for 30 s, followed by 40 amplification cycles at 95°C for 5 s, annealing at 55°C for 30 s and elongation at 72°C for 30 s. The relative expression ratio of ATAD2 in each paired tumour and non-tumourous tissue was calculated using 2^−∆∆Ct^ method,[@CIT0015] and the relative expression of ATAD2 in GC were normalized to the endogenous β-actin.

Western Blot {#S0002-S2005}
------------

Total protein was extracted from 12 pairs of fresh GC and corresponding adjacent non-tumourous tissues using radioimmunoprecipitation assay (RIPA) lysis buffer, and the protein concentration was determined using BCA method. Forty micrograms of protein were loaded onto 10% sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to polyvinylidene difluoride (PVDF) membranes. After blocking non-specific binding for 2 hrs with 5% non-fat milk, the membranes were incubated with primary antibody against ATAD2 (1:1000, rabbit anti-ATAD2, Abcam, UK), cyclinD1 (1:2000, rabbit anti-cyclinD1, Abcam, UK), ppRb (1:5000, rabbit anti-ppRb, Abcam, UK), pRb (1:5000, rabbit anti-Rb, Abcam, UK), E2F1 (1:2000, rabbit anti-E2F1, Abcam, UK), cyclinE (1:1000, rabbit anti-cyclinE, Abcam, UK), cyclinA (1:1000, rabbit anti-cyclinA, Abcam, UK), cleaved-PARP (1:2000, rabbit anti-cleaved PARP, Abcam, UK), PARP (1:2000, rabbit anti-PARP, Abcam, UK), cleaved-Caspase 3 (1:2000, rabbit anti-cleaved Caspase 3, Abcam, UK), Caspase 3 (1:1000, rabbit anti-Caspase 3, Abcam, UK) and GAPDH (1:4000, mouse anti-GAPDH, TransGene, Beijing) at 4°C overnight. After washing, the membranes were incubated with secondary antibody (Abcam, UK and SunGene BioTech, Tianjin) for 1 hr at room temperature. Signals were visualized with SuperSignal West Pico chemiluminescence kit (Thermo Fisher Scientific, USA). GAPDH served as a loading control.

Tissue Microarray (TMA) Construction {#S0002-S2006}
------------------------------------

We constructed the TMA, containing 121 GC and corresponding adjacent non-tumourous tissues. Formalin-fixed, paraffin embedded tissue blocks and the corresponding H&E-stained slides were overlaid for TMA sampling. Two pathologists reviewed the corresponding histological haematoxylin and eosin (HE)-stained sections to identify and mark representative areas. Using a tissue arraying instrument (Minicore Excilone, Minicore, UK), each tissue core was punched (diameter of 1.5 mm) from the marked areas and re-embedded. Then, the paraffin-embedded GC sections were sliced into 4 μm slices and mounted onto glass slides.

Immunohistochemistry (IHC) {#S0002-S2007}
--------------------------

IHC for ATAD2 was performed using PV6000 method. The slides were dewaxed in xylene and a graded alcohol series, treated with 3% hydrogen peroxide for 10 min to block endogenous peroxidase activity, then treated with high-pressure hot antigen repair (1 mmol/L EDTA, pH8.0), before washing in phosphate-buffered saline (PBS; 0.01 mol/L; pH7.4), cooled naturally. Subsequently, they were incubated overnight at 4°C with the rabbit monoclonal antibody against ATAD2 (1:100 dilution, Abcam, UK). After rinsing, the slides were treated with a secondary antibody for 30 min at 37°C, followed by a 3 mins incubation in 3, 3-diaminobenzidine tetrahydrochloride (DAB) solution for protein detection. Immunostaining-positive normal testicular tissue was used as positive controls.

IHC Evaluation {#S0002-S2008}
--------------

Semi-quantitative immunohistochemical detection was used to determine the ATAD2 protein levels. Nucleus immunoreactivity for the ATAD2 protein was scored by evaluating the sum of positive tumour cells and the staining intensity over the total number of tumour cells. In brief, the percent of positive cells was scored as "0" (\<5%), "1" (5--25%), "2" (26--50%), "3" (51--75%) and "4" (76--100%). Intensity was scored as "0" (no staining), "1" (weakly stained), "2" (moderately stained) and "3" (strongly stained). Both scores were decided under double-blind conditions by three independent professionals. The final immunoreactive scores were determined by multiplying the intensity scores with the extent of positivity scores of stained cells.[@CIT0016] Zero to 4 points was considered low expression, and 5--12 points was considered high expression.

3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide (MTT) and Colony Formation Assays {#S0002-S2009}
----------------------------------------------------------------------------------------------

Transfected cells were plated into 96-well plates with a density of 4000 cells/well and incubated for 1--5 days. At each time point, cells were treated with 100 µL MTT reagent (0.5 mg/mL, Sigma) for another 4 hrs at 37°C, followed by removal of the supernatants, and the formazan crystals were solubilized in dimethyl sulfoxide (DMSO) (150 µL/well). The absorbance at 490 nm was measured for each sample using a multi-label plate reader (PerkinElmer, Waltham, MA, USA). For the colony formation assay, 500 cells were seeded into 6-well plates and incubated at 37°C in complete medium for 2 weeks. Colonies were fixed with methanol, stained with 0.1% crystal violet and counted.

Cell Cycle Assay and Apoptosis Assay {#S0002-S2010}
------------------------------------

Transfected cells were collected, washed with ice-cold phosphate-buffered saline (PBS) and fixed in 70% ethanol at 4°C overnight. The fixed cells were centrifuged at 1000 rpm for 3 min and washed with ice-cold PBS twice. After washing twice, 50 µg/mL RNase A (Beyotime, Shanghai, China) and 50 µg/mL of propidium iodide (Sigma-Aldrich, Saint-Quentin Fallavier, France) were added to the fixed cells and incubated for 30 min at 37°C in the dark. The cell cycle distributions were analysed using a FACSCalibur flow cytometer (Beckman Coulter, Brea, CA, USA). In total, 10,000 nuclei were examined in the flow cytometer. For apoptosis assay, cells were collected by centrifugation 48 hrs post-transfection, washed twice with ice-cold PBS and then treated with Annexin V-FITC and propidium iodide using the Annexin V-FITC Apoptosis Detection Kit (YESEN, Shanghai) for 15 min at room temperature in the dark. The percentage of apoptotic cells was analysed using a FACSCalibur flow cytometer.

Animals and Tumor Xenograft Experiments {#S0002-S2011}
---------------------------------------

Athymic nude mice (BALB/c-nu, 3--4 weeks) were purchased from Shanghai GeneChem Corporation. Each nude mouse was subcutaneously injected under the right flank with 4×10^6^ SGC-7901 cells expressing control vector or ATAD2 shRNA. Tumor growth was examined every 3 days for 6 weeks. Tumour volume (V) was monitored by measuring the length (L) and width (W) of the tumours and calculated with the following equation: V = (L × W^2^) × 0.5. Six weeks post-injection, mice were sacrificed and tumours from both groups were excised and weighed. License to carry out live animal experiments was approved by the Ethics Committee of the Affiliated Hospital of Qingdao University. Animal operation was carried out according to the protocols approved by the Committee on the Use of Live Animals in Teaching and Research (CULATR).

Statistical Analysis {#S0002-S2012}
--------------------

All statistical analyses were performed by using the SPSS 23.0 software. The differences of ATAD2 expression in different groups using paired *t*-test, Wilcoxon test and Kruskal--Wallis rank sum test. The chi-squared (*χ*^2^) test was performed to analyse the correlation between ATAD2 expression and clinicopathological parameters. The Kaplan--Meier method (the Log-rank test) was used for survival curve. Survival data were evaluated by using univariate and multivariate Cox regression analyses. All experiments were repeated at least 3 times. Differences were considered statistically significant for *P*-values \<0.05.

Results {#S0003}
=======

The Expression of ATAD2 in GC Tissues by qRT-PCR and Western Blot {#S0003-S2001}
-----------------------------------------------------------------

To investigate the expression of ATAD2 in GC, qRT-PCR was used to detect ATAD2 expression in 12 pairs of fresh GC and their corresponding adjacent non-tumourous tissues. qRT-PCR results showed that the expression of ATAD2 mRNA was markedly upregulated in 100% (12/12) of GC tissues compared with the paired non-tumourous tissues ([Figure 1A](#F0001){ref-type="fig"}). Consistently, Western blot analyses also demonstrated that the protein levels of ATAD2 in GC tissues were dramatically increased in 100% (12/12) of cases compared with the paired non-tumorous tissues ([Figure 1C](#F0001){ref-type="fig"}). The differential expression of ATAD2 between tumour and non-tumourous tissues was statistically significant ([Figure 1B](#F0001){ref-type="fig"} and [D](#F0001){ref-type="fig"}).Figure 1The mRNA and protein expression of ATAD2 in GC by qRT-PCR and Western blot. (**A**) Upregulated expression of ATAD2 mRNA was detected by qRT-PCR in 12 out of 12 GC cases. (T, tumour tissue; N, the corresponding adjacent non-tumourous tissues). (**B**) The ATAD2 mRNA level was significantly increased in GC as determined by the Wilcoxon matched paired test. (**C**) Upregulated expression of ATAD2 protein was shown by Western blot in 12 out of 12 GC tissues. GAPDH was used as a loading control. (**D**) Intensity of ATAD2 normalised to GAPDH was indicated Wilcoxon matched paired test.

The Relationship Between ATAD2 Expression and Clinicopathological Features of GC Patients {#S0003-S2002}
-----------------------------------------------------------------------------------------

To further determine the expression pattern of ATAD2 in GC, 121 pairs of paraffin-embedded GC and non-tumourous tissues were collected to construct TMA. Results revealed that ATAD2 expression was present in the nucleus of cancer cells by IHC. A positive expression of ATAD2 was detected in 83.5% (101/121) of GC tissues; however, the ATAD2 expression was almost not detectable in non-tumourous gastric tissues ([Figure 2A](#F0002){ref-type="fig"}--[D](#F0002){ref-type="fig"}). The expression of ATAD2 in GC was significantly higher than that in corresponding adjacent non-tumourous tissues (*P\<*0.01). ([Table 1](#T0001){ref-type="table"})Table 1The Expression of ATAD2 in GC and Corresponding Adjacent Non-Tumourous TissuesGroupsAll CasesAverage RankzpGC121172−12.588\<0.001Adjacent non-tumourous tissues12171 Figure 2The expression of ATAD2 in GC by immunohistochemistry. The micrographs demonstrate strong (**A**), moderate (**B**), weak (**C**) ATAD2 staining in tumour tissues and negative (**D**) staining in non-tumourous gastric tissues. Left panel: magnification ×100; right panel: magnification ×200.

The relationship between ATAD2 expression and clinicopathological features of GC patients was further analysed. These cases were first divided into two subgroups: "low ATAD2 expression" and "high ATAD2 expression" as defined in the IHC section of Materials and Methods. Significant correlations were found between ATAD2 expression and 3 parameters, including tumour size (*P*=0.004), tumour differentiation (*P*=0.019) and clinical TNM stage (*P*=0.042). Our results suggested that GC patients with high ATAD2 expression had a higher tendency to exhibit large-size tumours, poor tumour differentiation, and advanced TNM stage. There were no statistical connections between ATAD2 expression and the other clinicopathological parameters, such as the age, gender, tumour infiltration, lymph node status, and metastasis status (*P\>*0.05) ([Table 2](#T0002){ref-type="table"}).Table 2Correlation Between ATAD2 Expression and Clinicopathologic Parameters in GC PatientsVariableCases\
(n=121)ATAD2 ExpressionLow ExpressionHigh Expression*χ*^2^PGender Male9171 (78.02%)20 (21.98%)2.1030.147 Female3027 (90.00%)3 (10.00%)Age(years) \<635649 (87.50%)7 (12.50%)2.8680.090 ≥636549 (75.38%)16 (24.62%)Differentiation Well-Moderate4138 (92.68%)3 (7.32%)5.506**0.019** Poor8060 (75.00%)20 (25.00%)Tumor size (cm) \<54845 (93.75%)3 (6.25%)8.412**0.004** ≥57353 (72.60%)20 (27.40%)Tumor infiltration T~1~1716 (94.12%)1 (5.88%)2.2130.137 T~2~ \~ T~4~10482 (78.85%)22 (21.15%)Lymph node status N04439 (88.64%)5 (11.36%)2.6250.105 N1--N37759 (76.62%)18 (23.38%)Metastasis status M010586 (81.9%)19 (18.1%)0.0980.754 M11612 (75.0%)4 (25.0%)TNM Staging I \~ II4944 (89.8%)5 (10.2%)4.416**0.042** III \~ IV7254 (75.0%)18 (25.0%)[^2]

Association of ATAD2 Expression and GC Patient Survival {#S0003-S2003}
-------------------------------------------------------

The association between ATAD2 expression in GC and the post-operative survival of 100 patients who had follow-up data were assessed with Kaplan-Meier survival analysis. Statistically, the 5-year overall survival (OS) and disease-free survival (DFS) rate of the high ATAD2 expression group were 42.9% and 33.3%, respectively, whereas they were 74.7% and 65.8%, respectively, in the low ATAD2 expression group. Kaplan-Meier survival analysis suggests that patients with high ATAD2 expression were likely to experience significantly shorter postoperative OS (*P*=0.003) ([Figure 3A](#F0003){ref-type="fig"}) and DFS (*P*= 0.002) ([Figure 3B](#F0003){ref-type="fig"}).Figure 3Relationship between ATAD2 expression and GC prognosis. ATAD2 protein level showed a prognostic role in overall survival (**A**) and disease-free survival (**B**) as indicated by Kaplan-Meier analysis.

Univariate and Multivariate Analyses of Prognostic Variables in GC Patients {#S0003-S2004}
---------------------------------------------------------------------------

Next, we performed univariate Cox regression analysis to evaluate the expression of ATAD2 and other clinicopathologic parameters on prognosis of GC patients. The results indicated that ATAD2 (*P*=0.003), as well as differentiation (*P*=0.020), TNM stage (*P\<*0.001), tumour size (*P*=0.015), lymph node metastasis (*P*=0.001) and metastasis status (*P*=0.017) were associated with OS time of GC patients ([Table 3](#T0003){ref-type="table"}). ATAD2 (*P*=0.002), differentiation (*P*=0.020), invasion depth (*P*=0.029), TNM stage (*P*\<0.001), tumour size (*P*=0.004), lymph node metastasis (*P*\<0.001) and metastasis status (*P*=0.008) were associated with DFS time of GC patients ([Table 4](#T0004){ref-type="table"}). Furthermore, ATAD2 expression and those clinicopathologic variables which were significant in univariate Cox regression analysis were further evaluated in multivariate Cox regression analysis. Results revealed that ATAD2 expression was an independent factor for OS (*P*=0.028) ([Table 3](#T0003){ref-type="table"}) and DFS (*P*=0.016) ([Table 4](#T0004){ref-type="table"}) of GC patients.Table 3Univariate and Multivariate Analysis of Overall Survival Rates in GC PatientsVariableUnivariate AnalysisMultivariate AnalysisHR (95% Cl)PHR (95%Cl)PGender0.418 (0.146--1.194)0.103----Age (years)1.613 (0.790--3.292)0.189----Differentiation3.112 (1.194--8.112)0.020----Tumor size (cm)2.854 (1.229--6.630)0.015----Tumor infiltration6.634 (0.904--48.668)0.063----Lymph node status5.928 (2.071--16.970)0.0015.140 (1.775--14.881)0.003Metastasis status3.321 (1.353--9.402)0.0173.147 (1.172--8.106)0.011TNM Staging7.519 (2.626--21.534)\<0.0016.547 (2.259--18.976)0.001ATAD2 expression2.998 (1.453--6.184)0.0032.266 (1.090--4.711)0.028[^3] Table 4Univariate and Multivariate Analysis of Disease-Free Survival Rates in GC PatientsVariableUnivariate AnalysisMultivariate AnalysisHR (95% Cl)PHR (95% Cl)PGender0.411 (0.161--1.052)0.064----Age (years)1.673 (0.883--3.168)0.114----Differentiation2.525 (1.158--5.504)0.020----Tumor size (cm)3.028 (1.435--6.393)0.004----Tumor infiltration9.146 (1.255--66.667)0.029----Lymph node status4.403 (1.938--10.002)\<0.0013.857 (1.679--8.859)0.001Metastasis status4.386 (1.583--10.604)0.0083.147 (1.172--8.106)0.004TNM Staging5.793 (2.547--13.176)\<0.0015.080 (2.207--11.703)\<0.001ATAD2 expression2.905 (1.504--5.612)0.0022.261 (1.161--4.403)0.016[^4]

The Expression of ATAD2 in Different Gastric Lesions {#S0003-S2005}
----------------------------------------------------

To evaluate the expression of ATAD2 in different gastric lesions, we further detected the ATAD2 expression in 78 chronic superficial gastritis, 43 chronic atrophic gastritis, 16 low-grade intraepithelial neoplasia, 13 high-grade intraepithelial neoplasia paraffin-embedded specimens. We found that ATAD2 was not expressed in non-tumourous gastric tissues and low expressed in low-grade intraepithelial neoplasia, but highly expressed both in high-grade intraepithelial neoplasia and GC specimens ([Figure 4A](#F0004){ref-type="fig"}--[J](#F0004){ref-type="fig"}). ATAD2 expression in GC and high-grade intraepithelial neoplasia was higher than that in low-grade intraepithelial neoplasia (*P*\<0.05). Its expression in low-grade intraepithelial neoplasia was higher than that in chronic atrophic gastritis and chronic superficial gastritis specimens (*P*\<0.01), but there was no significant difference of ATAD2 expression between GC and high-grade intraepithelial neoplasia specimens (*P*\>0.05) ([Table 5](#T0005){ref-type="table"}).Table 5The Expression of ATAD2 in Different Gastric LesionsGroupsAll CasesAverage RankzpChronic superficial gastritis7876.00163.748\<0.001^a^Chronic atrophic gastritis4376.00−4.935^b^\<0.001^b^Low-grade intraepithelial neoplasia16140.38−2.285^c^0.022^c^High-grade intraepithelial neoplasia13194.19−0.326^d^0.744^d^GC121189.17−2.531^e^0.011^e^[^5] Figure 4The expression of ATAD2 in different gastric lesions by immunohistochemistry (magnification ×200, PV6000 method). (**A, B**) Chronic superficial gastritis; (**C, D**) Chronic atrophic gastritis; (**E, F**) Low-grade intraepithelial neoplasia; (**G, H**) High-grade intraepithelial neoplasia; (**I, J**) Adenocarcinoma. The positive cells were marked clearly with black arrows.

Knockdown of ATAD2 Expression Inhibits the Proliferation and Colony Formation of GC Cells in vitro {#S0003-S2006}
--------------------------------------------------------------------------------------------------

To investigate the involvement of ATAD2 in the proliferation and colony formation of GC cells in vitro, ATAD2 was knocked down in SGC-7901 and MGC-803 cells using specific shRNA. Knockdown of ATAD2 markedly reduced the expression of ATAD2 in SGC-7901 and MGC-803 cells ([Figure 5A](#F0005){ref-type="fig"}). By MTT assays, the cell viability was significantly reduced in both SGC-7901 and MGC-803 cells transfected with pLV-ATAD2 shRNA compared to the cells transfected with pLV-control (*P*\<0.05) ([Figure 5B](#F0005){ref-type="fig"}). Furthermore, we also observed that knockdown of ATAD2 resulted in a significant inhibition of colony formation in both SGC-7901 and MGC-803 cells. The number of colonies formed in matrix gel was much lower in cells transfected with pLV-ATAD2 shRNA than that in the control groups (*P*\<0.05) ([Figure 5C](#F0005){ref-type="fig"} and [D](#F0005){ref-type="fig"}). These results indicated that knockdown of ATAD2 suppresses the proliferation and colony formation of GC cells.Figure 5Knockdown of ATAD2 expression inhibits the proliferation and colony formation of GC cells. (**A**) The endogenous ATAD2 expression levels were detected by Western blot in SGC-7901 and MGC-803 cells transfected with pLV-ATAD2 shRNA or pLV-control for 48 hrs. (**B**) MTT cell viability assays were performed on days 1 to 5 after the transfection of SGC-7901 and MGC-803 cells with either pLV-ATAD2 shRNA or pLV-control. The data represents the mean ± SD of 3 independent experiments. (\**P\<*0.05 compared with control). (**C, D**) The colony formation assays were performed in SGC-7901 and MGC-803 cells transfected with pLV-ATAD2 shRNA or pLV-control and incubated for 14 days. The data represents the mean ± SD of 3 independent experiments; (\**P\<*0.05 compared with the control).

Knockdown of ATAD2 Inhibits G1/S Phase Transition of GC Cells in vitro {#S0003-S2007}
----------------------------------------------------------------------

Using flow cytometric assay, the mechanism underlying growth inhibition by knockdown of ATAD2 was investigated. We examined the cell cycle of SGC-7901 and MGC-803 cells. As shown in [Figure 6](#F0006){ref-type="fig"}, the percentage of cells in the G0/G1 phase was increased in SGC-7901 and MGC-803 cells transfected with pLV-ATAD2 shRNA when compared to the control groups. However, the percentage of cells in the S phase was significantly decreased in SGC-7901 and MGC-803 cells transfected with pLV-ATAD2 shRNA (*P*\<0.05). There were no significant changes in the percentage of cells in the G2/M phase when cells were transfected with pLV-ATAD2 shRNA or pLV-control (*P*\>0.05). These results indicate that knockdown of ATAD2 inhibited G1/S phase transition of the cell cycle, consistent with the finding that knockdown of ATAD2 suppresses the proliferation of GC cells.Figure 6Knockdown of ATAD2 inhibits G1/S phase transition of GC cells. (**A, B**) Cell cycle profiles were analysed by flow cytometer after SGC-7901 cells were transfected with pLV-GRP78 shRNA or pLV-control for 48 hrs. (**C, D**) Cell cycle profiles were analysed by flow cytometer after MGC-803 cells were transfected with pLV-GRP78 shRNA or pLV-control for 48 hrs. Data were from three independent experiments and expressed as means ± SD; (\**P*\<0.05 compared with control).

Knockdown of ATAD2 Induces Apoptosis of GC Cells in vitro {#S0003-S2008}
---------------------------------------------------------

The potential role of ATAD2 in apoptosis was further examined by the Annexin-V/PI method in GC cells. Annexin V binds to those cells that express phosphatidylserine on the outer layer of the cell membrane, which is a characteristic feature of cells entering the process of apoptosis. Apoptosis of GC cells after inhibition of ATAD2 was assessed by Flow cytometry. We observed significant differences of Annexin-V-positive apoptotic cells in SGC-7901 and MGC-803 cells transfected with pLV-ATAD2 shRNA in comparison to cells transfected with pLV-control ([Figure 7A](#F0007){ref-type="fig"}--[D](#F0007){ref-type="fig"}). These results suggest that inhibition of ATAD2 can induce apoptosis in SGC-7901 and MGC-803 cells.Figure 7Knockdown of ATAD2 induces apoptosis of GC cells. (**A, B**) Knockdown of ATAD2 significantly induced apoptosis after SGC-7901 cells were transfected with pLV-GRP78 shRNA or pLV-control for 48 hrs. (**C, D**) Knockdown of ATAD2 significantly induces apoptosis after MGC-803 cells were transfected with pLV-GRP78 shRNA or pLV-control for 48 hrs. Data were from three independent experiments and expressed as means ± SD; (\**P\<*0.05 compared with control).

Knockdown of ATAD2 Altered the Expression of Key Cell-Cycle Regulatory and Apoptosis-Related Proteins {#S0003-S2009}
-----------------------------------------------------------------------------------------------------

Because our results suggested that ATAD2 has a role in the transition from G1 to S phase in GC cells, we used Western blot to analyse the expression of key regulators in cell cycle after knockdown of ATAD2. As shown in [Figure 8A](#F0008){ref-type="fig"}, knockdown of ATAD2 in SGC-7901 and MGC-803 cells reduced the expression of cyclinD1, ppRb, E2F1, and cyclinE. However, no changes were noted in pRb and cyclinA levels. Western blot analysis also indicated that the apoptotic markers cleaved-PARP and cleaved-Caspase 3 were dramatically increased in SGC-7901 and MGC-803 cells transfected with pLV-ATAD2 shRNA ([Figure 8B](#F0008){ref-type="fig"}). These results further supported that knockdown of ATAD2 inhibited G1/S phase transition of the cell cycle and induce apoptosis in SGC-7901 and MGC-803 cells.Figure 8Knockdown of ATAD2 altered the expression of key cell-cycle regulatory and apoptosis-related proteins. (**A**) Western blot analysis of key cell-cycle regulatory proteins cyclin D1, phosphorylated Rb (ppRb), total Rb proteins (pRb), E2F1, cyclin E and cyclin A in SGC-7901 and MGC-803 cells transfected with either pLV-ATAD2 shRNA or pLV-control. (**B**) Western blot analysis of the apoptosis-related proteins cleaved-PARP, PARP, cleaved-Caspase 3, Caspase 3 in SGC-7901 and MGC-803 cells transfected with either pLV-ATAD2 shRNA or pLV-control. GAPDH was used as a loading control.

Knockdown of ATAD2 Suppresses Tumour Growth in vivo {#S0003-S2010}
---------------------------------------------------

As inhibition of ATAD2 suppresses the proliferation of GC cells in vitro, we hypothesized that inhibition of ATAD2 may have a similar effect in vivo. To evaluate this, athymic BALB/c mice were inoculated with SGC-7901 cells stably transfected with pLV-ATAD2 shRNA or pLV-control and monitored tumour growth by measuring tumour volume every 3 days for 6 weeks. As shown in [Figure 9A](#F0009){ref-type="fig"}--[D](#F0009){ref-type="fig"}, we found that tumours grew at a slower rate with smaller sizes in mice injected cells transfected with pLV-ATAD2 shRNA than in those transfected with pLV-control and xenograft tumours obtained from the pLV-ATAD2 shRNA infected mice were of lower weight than those observed in pLV-control group. Consistently, the downregulation of Ki67 was observed in the tumours generated from the cells transfected with pLV-ATAD2 shRNA according to the results of IHC analysis ([Figure 9E](#F0009){ref-type="fig"} and [F](#F0009){ref-type="fig"}). These results reveal that inhibition of ATAD2 may suppress tumour growth in vivo.Figure 9Knockdown of ATAD2 suppresses tumour growth in vivo. (**A**) Tumour formation in nude mice 6 weeks after injection with SGC-7901 cells transfected with pLV-ATAD2 shRNA or pLV-control. (**B, C**) Weights of the generated tumours by SGC-7901 cells transfected with pLV-ATAD2 shRNA or pLV-control 6 weeks after the initial injection. Data was shown as means ± SD. (**D**) Growth curves of generated tumors by SGC-7901 cells transfected with pLV-ATAD2 shRNA or pLV-control. Volumes of the tumours were measured every 3 days for 6 weeks. (**E, F**) IHC analysis of 6 pLV-ATAD2 shRNA- and 6 pLV-control-generated tumours 6 weeks after injection. Representative fields are shown (×200). For each generated tumour, five fields were randomly selected according to semi-quantitative scales. ATAD2- and Ki67-positive cells per 1000 cells were counted by three independent experienced pathologists. The bar graph shows average expression levels of ATAD2 and Ki67 of pLV-ATAD2 shRNA- and pLV-control-generated tumours. Data were shown as means ± SD; (\**P\<*0.05 compared with control).

Discussion {#S0004}
==========

Cancer cells frequently express genes that are specifically or preferentially expressed in male germ cells under normal conditions.[@CIT0017] ATAD2 is one such gene, and it can regulate various tumor-related signal transduction pathways and participate in tumorigenesis and progression of multiple tumours.[@CIT0006],[@CIT0007],[@CIT0009],[@CIT0015] Abnormal expression of ATAD2 in GC has been reported;[@CIT0018] however, its possible roles in the carcinogenesis of GC have not been investigated to date.

ATAD2 has been reported to be overexpressed in multiple solid tumours in human cancers and involved in the process of tumorigenesis.[@CIT0006]--[@CIT0012] In accordance with these findings, we demonstrated that both mRNA and protein levels of ATAD2 were increased in GC tissues. In addition, immunohistochemical analysis also showed that ATAD2 was not expressed in non-tumourous gastric tissues, but its expression in GC and high-grade intraepithelial neoplasia was higher than that in low-grade intraepithelial neoplasia, and in low-grade intraepithelial neoplasia was higher than that in chronic atrophic gastritis and chronic superficial gastritis specimens. Specifically, correlation of ATAD2 expression with clinicopathological parameters showed that high ATAD2 expression correlated significantly with tumour size, tumour differentiation, and clinical TNM stage. Furthermore, high ATAD2 expression was an independent predictor of poor OS and DFS in GC patients. These results suggest that ATAD2 plays an important role in the process of tumorigenesis and progression of GC; and ATAD2 may be a promising novel prognostic biomarker for GC patients.

The anti-proliferation effect of ATAD2 inhibition in SGC-7901 and MGC-803 cells was also observed in our in vitro experiments. Furthermore, we found that knockdown of ATAD2 could also suppress tumour growth in vivo. To further understand the mechanisms underlying this anti-proliferative effect, we analysed the cell cycle and apoptosis of GC cells after inhibition of ATAD2. Our results showed that silencing of ATAD2 induced G1/S phase cell cycle arrest and apoptosis in SGC-7901 and MGC-803 cells, in accordance with a recent report that ATAD2 knockdown-mediated growth suppression was due to the activation of apoptotic signals.[@CIT0019] Our data suggest that the anti-proliferative effect of silencing of ATAD2 in SGC-7901 and MGC-803 cells is not only associated with G1/S phase cell cycle arrest but also correlates with apoptosis.

ATAD2 can function as a cofactor with other transcription factors, such as E2F,[@CIT0007] and it can also improve the transcription activity of c-Myc[@CIT0013],[@CIT0014] to regulate specific sets of genes that have oncogenic functions. Through c-Myc and E2F transcription factors, ATAD2 increases the expression of proliferation-related and anti-apoptotic genes in many different types of cancer.[@CIT0020],[@CIT0021] Our results showed that silencing of ATAD2 reduced the expression of key cell cycle regulatory proteins cyclinD1, ppRb, E2F1, and cyclinE. pRb is a target of CDK4/CDK6 and is phosphorylated once cyclin D1 binds to CDK4/CDK6. ppRb is then released from E2F, which in turn acts as a transcription factor that targets several genes engaged in cell cycle progression and cell proliferation. Given that cyclinD1, cyclinE, and c-Myc are well-characterised targets of transcriptional regulation by E2F1,[@CIT0022] our results indicated that ATAD2 positively regulates cyclinD1 and cyclinE expression, accounting for G1/S arrest through the Rb-E2F1 pathway. Our results also showed that ATAD2 depletion induced cell apoptosis in vitro, which was associated with marked upregulation of the apoptotic markers cleaved-PARP and Caspase 3. Some studies have provided further mechanistic insights by revealing apoptosis induced by ATAD2 in cancers. A recent study reported that suppression of ATAD2 inhibits hepatocellular carcinoma progression through activation of p53- and p38-mediated apoptotic signalling.[@CIT0019] Therefore, novel molecular mechanisms underlying ATAD2 knockdown-mediated suppression of cell growth in GC will be further investigated in our future studies.

Conclusion {#S0005}
==========

Taken together, our study demonstrated that ATAD2 plays an important role in the process of tumorigenesis and progression of GC, and it represents a promising novel independent prognostic biomarker for GC patients; silencing of ATAD2 in SGC-7901 and MGC-803 cells inhibits cells proliferation by inducing G1 cell cycle arrest and apoptosis. It has been suggested that ATAD2 may be a novel therapeutic target for the treatment of GC patients.
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